The Behçet's disease (BD)-associated human leukocyte antigen (HLA) allele, HLA-B*51 (B*51), encodes a ligand for a pair of allelic killer immunoglobulin-like receptors (KIR) present on cytotoxic cells-KIR3DL1, which inhibits their cytotoxicity, and KIR3DS1, which activates their cytotoxic activity. We tested whether KIR-regulated mechanisms contribute to BD by testing for association of KIR3DL1/KIR3DS1 genotypes with disease in 1799 BD patients and 1710 healthy controls from Turkey, as well as in different subsets of individuals with HLA-type-defined ligands for the KIR3D receptors. HLA types were imputed from single nucleotide polymorphism genotypes determined with the Immunochip. The presence of inhibitory KIR3DL1 or activating KIR3DS1 alleles did not differ significantly between cases and controls (KIR3DL1: 92.9% vs 93.4%, P dominant = 0.55; KIR3DS1: 42.7% vs 41.0%, P dominant = 0.29). The KIR3DL1/KIR3DS1 alleles were also present at similar frequencies among cases and controls bearing HLA-B with a Bw4 motif; HLA-B with a Bw4 motif with isoleucine at position 80; and HLA-B*51. Our results suggest that pathogenic mechanisms associated with HLA-B*51 do not primarily involve differential interactions with KIR3DL1 and KIR3DS1 receptors. However, due to the complexity of this locus (that is, sequence variation and copy number variation), we cannot exclude a role for other types of KIR variation in the pathogenesis of BD.
INTRODUCTION
Behçet's disease (BD) is a chronic, multisystem disorder characterized by recurrent self-limited inflammatory episodes affecting the mucocutaneous tissues, eyes, all types and sizes of blood vessels, and several other organs and tissues including the joints, lungs, and central nervous and gastrointestinal systems 1 . Although the etiopathogenesis of BD is unknown, it has long been assumed that immunological abnormalities, which may be induced by exogenous or endogenous pathogenic triggers in genetically susceptible individuals, are important in its pathogenesis. 2, 3 Data obtained from observational studies of familial cases suggest a genetic contribution to the tendency to develop BD. 4 A relatively high sibling recurrence risk ratio (λ s value between 11.4 and 52.5) also supports a contribution of genetic factors 5 and recent genetic studies show a polygenic contribution to disease risk. [6] [7] [8] [9] More importantly, association studies have identified the major histocompatibility complex (MHC) class I allele human leukocyte antigen (HLA)-B5 (B*51) as the strongest genetic susceptibility factor for BD, a result that has been independently replicated in multiple different ethnic groups. [9] [10] [11] [12] Although it is the strongest risk factor for BD, the mechanism by which HLA-B*51 contributes to disease risk remains unknown. A recent study identified multiple disease-associated polymorphic amino acid residues in the MHC Class I HLA-B and HLA-A proteins at positions important to both peptide binding and to their interactions with killer immunoglobulin-like receptors (KIR), which may lead to increased BD risk through the regulation of both innate natural killer cells and adaptive cytotoxic T lymphocytes. 13 KIRs are a diverse family of activating and inhibitory receptors expressed on human natural killer cells and a subset of T cells. 14 They interact with specific class I MHC molecules to regulate the activity and function of natural killer cells and cytotoxic CD8-positive T cells. Recently, KIR receptors have also been identified on a subset of CD4-positive T cells that are a major source of interleukin-17. 15 The human KIR family genes are located on a region of human chromosome 19q13.4 that is highly polymorphic and varies among individuals in gene number and proportion of genes encoding activating and inhibitory KIRs. 16 Based on differential gene content alone, there are more than 37 different haplotypes, and sequence data reveals multiple alleles of each of the KIR genes. 17 The complex structure of the KIR genomic region has hampered its analysis in single nucleotide polymorphism (SNP)-based genome-wide association studies, and therefore a targeted approach is required to evaluate the association of genetically encoded KIR variation with disease.
KIRs are named according to the number of extra-cellular immunoglobulin-like domains (2D or 3D) and the length of the cytoplasmic tail (short (S) or long (L)). 18 The binding of long-tailed KIR (L) proteins by specific class I MHC molecules almost always produces inhibitory signals, whereas engagement of short-tailed KIRs (S) transmits activating signals.
14 Activating and inhibitory signals work in concert to produce an effective and appropriate immune response to infection, while limiting its duration and reducing collateral damage.
The BD-associated HLA-B*51 protein is one of several Class I proteins with the Bw4 epitope that have been shown to interact with KIR3DL1, and presumably with KIR3DS1, which shares nearly identical sequence in the ligand-binding extracellular portion of the molecule. 19 Although not originally appreciated, KIR3DL1 and KIR3DS1 are now recognized as alternate alleles of a single gene. 16 In this study we sought evidence that KIR-regulated signaling contributes to BD by testing for association of the KIR3DL1/ KIR3DS1 cytoplasmic tail length variation with BD in a very large and carefully assembled collection of Turkish BD patients and geographically matched, healthy Turkish individuals along with stratification for HLA-Bw4 epitopes and HLA-B*51.
RESULTS
The estimation of classical HLA types was highly accurate. HLA-B*51 genotypes were determined with posterior probability 40.9 in 96.5% of the samples and the concordance rate of imputed HLA-B*51 alleles and directly ascertained HLA-B*51 alleles was 97.6% in the 2213 members of the study population in whom directly ascertained data were available. Allelic inhibitory KIR3DL1 and activating KIR3DS1 polymorphism genotypes were determined for 1799 BD cases and 1710 control subjects. Although rare haplotypes with neither a KIR3DL1 nor a KIR3DS1 allele have been reported, 17 none of the 3509 genotyped Turkish DNA samples possessed this null genotype.
Association tests for KIR3DL1/KIR3DS1 were performed in the full case-control collection, as well as in HLA type-defined subsets under additive, dominant and recessive models. In the full collection, neither the presence of inhibitory KIR3DL1 alleles nor activating KIR3DS1 alleles differed significantly between cases and controls (KIR3DL1 present in 92.9% of cases vs 93.4% of controls, P dominant = 0.55; KIR3DS1 present in 42.7% of cases vs 41.0% of controls, P dominant = 0.29; Table 1 ). Furthermore, the alleles were not significantly associated with disease under any of the genotypic models tested. The KIR3DL1/KIR3DS1 polymorphism also did not appear to contribute to disease risk by interacting with HLA-B alleles bearing Bw4 epitopes, which are KIR3DL1/ KIR3DS1 receptor ligands (Table 2) ; with the Bw4 epitope with isoleucine at position 80, which are strongly interacting ligands (Table 3) ; or even with the HLA-B*51 type, which is the BDassociated type and is one of the Bw4-I80 types (Table 4) . Moreover, we did not observe an enrichment of the Bw4-I80 motif among HLA-B*51 negative cases compared with B*51 negative controls (found in 19.8% of cases vs 22.5% of controls, P = 0.155).
To evaluate whether KIR3DL1/KIR3DS1 alleles influenced specific clinical presentations, we examined KIR3DL1 and KIR3DS1 alleles in subsets of the cases with and without specific characteristics (Table 5 ). This analysis revealed an increased frequency of KIR3DS1 alleles in the subset of cases with ocular disease compared with those without ocular disease (P additive = 0.0006; Supplementary Table 1 ). Given that HLA-B*51 is known to predispose to the ocular manifestations of BD, we repeated this analysis in the HLA-B*51 positive and negative case subsets to evaluate whether the effect of KIR3DS1 on ocular disease was dependent on HLA-B*51. However there was no difference in the effect of KIR3DS1 alleles between the HLA-B*51 positive (OR additive = 1.3) and HLA-B*51 negative (OR additive = 1.3) Table 1) .
DISCUSSION
In the current study, which comprised a very large and meticulously assembled collection of Turkish BD patients and geographically matched, healthy Turkish individuals with HLA-B type data, we found no association of the activating KIR3DS1 or inhibitory KIR3DL1 alleles with BD, even in an analysis limited to individuals bearing the disease-associated HLA-B*51, a known high avidity ligand for KIR3DL1/KIR3DS1. This result suggests that HLA-B*51 does not influence BD risk through differential interactions with KIR3D1 on the basis of tail length (KIR3DL1 vs KIR3DS1). In addition, in the subset of cases with ocular disease, we observed an increase in activating KIR3DS1 alleles among both HLA-B*51-positive and HLA-B*51-negative individuals. These findings suggest that although HLA-B*51 is a known ligand for KIR3DL1, the KIR3DS1 association is not dependent on the presence of HLA-B*51 to increase the risk of ocular involvement, thus supporting a ligand-independent role for this KIR Nonetheless, given mounting evidence of allele-specific differential binding of KIRs by class I MHC molecules, 20 this study does not exclude the possibility that HLA-B*51 may influence BD risk through differential interaction with specific KIR3DL1 and/or KIR3DS1 allotypes.
KIR3DS1 alleles have been associated with response to HIV infection and with ankylosing spondylitis. The activating KIR3DS1 allele is associated with delayed progression to AIDS and protection from opportunistic infections in individuals bearing a Class I Bw4-I80 epitope, 21, 22 presumably because the activating allele promotes efficient killing of virus infected cells. This subset of Bw4 epitopes was tested for association because Class I molecules with Bw4 epitopes with isoleucine at position 80 have a higher avidity for the KIR3D receptors than those with threonine at position 80. 23 The ankylosing spondylitis-KIR3DS1 allele association is less clear. Ankylosing spondylitis is strongly associated with HLA-B*27. Most HLA-B*27 alleles bear the Bw4 epitope, but with threonine at position 80. Two studies reported association of the KIR3DS1 allele with ankylosing spondylitis in HLA-B*27-positive individuals from Spain, the Azores, China and Thailand, 24, 25 however this association was not found in HLA-B*27-positive individuals from Ireland or the United Kingdom. 26, 27 A recent study suggests a role for a different KIR, KIR3DL2, in HLA-B*27-positive ankylosing spondylitis, 28 raising the question whether a different KIR may also contribute to BD.
All of the functional HLA-B*51 subtypes encode the high-avidity Bw4 allele with isoleucine at position 80, suggesting a favorable binding affinity in interactions with the KIR3DL1 or KIR3DS1 receptors. In a smaller collection of BD cases and controls Middleton et al. 29 failed to identify a disease association of KIR3DL1 or KIR3DS1 in HLA-B*51-positive individuals (93 cases and 43 controls). The large number of individuals included in our study provided us greater power to test for epistasis between HLA-B alleles and KIR3DL1/KIR3DS1 alleles in individuals bearing an HLA-B Bw4 epitope ligand (1523 cases and 1263 controls), in individuals bearing the high-avidity Bw4-I80 ligand (1216 cases and 744 controls), and in individuals bearing HLA-B*51 (1072 cases and 463 controls), but we did not find evidence of any such interaction. Recently, Kuranov et al. 30 found an increase of the Bw4-I80 motif HLA types among HLA-B*51-negative BD cases compared with matched controls. In the current and much larger study, we did not observe any increase in the frequency of individuals bearing the Bw4-I80 epitope among HLA-B*51-negative individuals.
In conclusion, our data for the first time reveal a potential role for activating KIR3DS1 alleles in ocular manifestations of BD in an HLA-B*51 independent manner. This finding suggests that the pathogenic mechanism of KIR3DS1 in ocular involvement in BD does not involve HLA-B*51. Similarly, the lack of an association between KIR3DL1/KIR3DS1 and BD as a whole suggests that HLA-B*51, the strongest BD susceptibility factor, does not primarily mediate BD risk through interactions with the KIR3DL1/KIR3DS1 receptors. However we cannot exclude a role for other types of KIR variation in the pathogenesis of BD. Further studies of KIR3DL1/ KIR3DS1 allotypes and copy number variants, as well as that of other KIRs, are warranted to clarify the role of KIRs in the pathogenesis of BD and its clinical manifestations.
MATERIALS AND METHODS Patients
We studied 1900 Turkish BD cases and 1779 genetically matched control subjects used in previous GWAS studies. 7, 9 GWAS samples were collected at the BD Clinics of Istanbul Faculty of Medicine and Cerrahpasa Faculty of Medicine, Divisions of Rheumatology. All of the patients fulfilled the International Study Group diagnostic criteria for BD. 31 Healthy control subjects were selected from healthy blood bank donors or volunteers to match the geographic birthplace of the patients. Prospective control subjects were excluded if a family history of BD, or a personal or family history of recurrent oral aphthous ulcers or other BD-related manifestations were identified in an initial interview. All study participants provided written informed consent, and the study was approved by the ethics committee of Istanbul University, Istanbul Faculty of Medicine.
Blood samples were collected from all participants, and genomic DNA was isolated using the MagNA Pure Instrument with the MagNA Pure Compact DNA Isolation Kit for 1 ml volume (Roche, Indianapolis, IN, USA).
Genotyping
KIR locus typing was performed by using two sequence-specific primer (SSP)-polymerase chain reactions that each specifically amplify a short DNA fragment, collectively detecting the presence or absence of both 3DL1 or 3DS1. 32 This SSP assay also utilizes a second pair of PCR primers that amplify a universally present DNA fragment. This internal positive control allows discrimination between a negative PCR result indicating the absence of the allele and PCR failure.
The optimal concentrations of the KIR-specific primers were as described. 33 In brief, we dissolved all lyophilized primers at 100 μM in 10 mM Tris-HCl pH 8.0 and we used 1.05 μl of each of the KIR-specific primers and 0.42 μl of each of the internal positive control-specific primers in each 10 μl reaction. Each reaction included 3. 
HLA type imputation
All DNA samples were genotyped using the Infinium assay on the Immunochip (Illumina, San Diego, CA, USA). Genotypes of 6994 SNPs from the HLA region were used to impute the individuals' HLA types using SNP2HLA and a reference panel of 5225 European individuals. 34 All types with posterior probability 40.9 were included in the analyses.
HLA-B types of 2213 samples were determined from DNA samples using a reverse sequence-specific oligonucleotide method (One Lambda, Canoga Park, CA, USA) and a Bio-Plex 200 suspension array system (Bio-Rad, Hercules, CA, USA).
Statistical analysis
Association tests were performed with SNP and Variation Suite 7.5.2 software (Golden Helix, Bozemon, MT, USA) to evaluate the contribution of KIR3DS1/KIR3DL1 alleles to disease susceptibility. The correlation/trend test Evaluation of KIR3DL1/KIR3DS1 polymorphism in BD B Erer et al under the additive, dominant and recessive models was applied to the full collection, as well as to the subsets of Bw4-positive individuals, Bw4-I80 positive individuals, and HLA-B*51-positive individuals. For this analysis, a P-value o0.0042 (0.05/12) was considered significant after a Bonferroni correction for multiple comparisons. In addition, KIR3DS1/KIR3DL1 alleles were evaluated in 10 subsets of patients defined by specific characteristics: genital ulcers, erythema nodosum, folliculitis, pathergy, arthritis, ocular involvement, vascular involvement, neurologic involvement, intestinal involvement and positive family history. For this analysis, a P-value o0.0019 (0.05/27) was considered significant after a Bonferroni correction for multiple comparisons.
